INTRODUCTION
Plant materials, mainly forages and silages, are part of the diets for a wide variety of mammals. For certain large animals, such as horses, and small animals, such as rodents, plant materials constitute a major portion of their diets. Microbial digestion of plant materials is significant and occurs mainly in the cecum and large intestine after prior host digestion in the stomach and small intestine. A similar digestion pattem takes place in humans, but only small amounts of plant fibers are degraded. In contrast, with ruminant animals, intake of plant materials is extensive, and digestion occurs prior to gastric digestion. The nuninant is dependent on microorganisms in the forestomach or rumen for the digestion of cellulose, xylans, pectins, and other plant polysaccharides that are consumed. Further digestion of plant materials can occur in the cecum and large intestine, but it is considerably less in magnitude.
Digestion of plant materials by nuninants varies greatly. Starches are digested from 37 to 98%, whereas celluloses and xylans are digested 43 to 73% and 36 to 79%, respectively (45) . Ruminal and lower gut microbial digestion of xylans are complex processes involving a variety of microbial species. Plant polysaccharides are degraded to varying extents to soluble forms, mostly oligosaccharides, by the hydrolytic microbial species. However, digestion of plant materials at the microbial and biochemical levels has not been examined to 3014 HESPELL AND WHlTEHBAD any great extent. Although the degradation of specific plant components can be associated with certain microbial species, the biochemical characterization of the required enzymes (amylases, ce11ulases, xylanases, etc.), as well as the genetic and physiological factors controlling expression of these enzymes, basically are unknown. Recently, studies addressing these factors on xylan and its digestion have been initiated, and these results will be discussed relative to digestion of hemicelluloses and xylans by ruminal and lower gut bacterial species.
COMPOSITION AND STRUCTURE OF HEMICELLULOSES AND XYLANS
The fiber fraction known as hemicellulose traditionally has been obtained from forages, woods, and other plant materials by alkaline extraction. Often such material contains a mixture of heteropolymers that include xyloglucans, glucuronornannans, and xylans. The most abundant polymers frequently are xylans, composed of a backbone consisting of~-I,4-linked xylose units with vlU}'ing degrees of polymerization (i.e., polydispersed). Xylans often are highly branched, particularly those found in grasses. Two of the most common side-chain sugars are a-l,3-linked L-arabinofuranose and a-l,2-linked glucuronic acid These side-chain sugars can have substitutions such as 4-0-methyl groups on the glucuronic acids and 5-o-ester-linked phenolics (e.g., ferulic acid, cumaric acid) on the L-arabinoses (43, 44) . Grass xylans frequently have acetyl groups attached by ester linkages. The acetyl groups usually occur at the 2-0-and 3-0-positions of the xylose backbone and at the 5-0-position of the L-arabinose side chain.
The sugar composition of xylans can vary greatly between plant species as shown by the data of Dehority (13) . Alfalfaxylan can consist of arabinose, xylose, and uronic acids in a 1:6: 1.4 ratio with smaller amounts of glucose, galactose, and rhamnose. Approximately 85% of com hull xylan consists of arabinose and xylose in a 3.5:5.0 ratio, plus small amounts of galactose and uronic acids. In contrast, flax xylan is a relatively simple xylose polymer containing only about 14% uronic acid Although methylglucmonoxylan and galactoglucomannan are the major xylans of hardwoods and softwoods, respectively, }oumal of Dairy Science VoL 73, No. 10, 1990 considerable diversity in sugar composition also exists in various wood species (43, 44) .
Xylan Degradation by Mixed Rumlnal Microorganisms
Generally speaking, the total digestibility of the hemicellulose and xylan fraction of forages averages about 50% with the bulk of the digestion occurring in the rumen. A wide range of factors influences xylan digestion. Factors intrinsic to forage materials would include xylancellulose association via hydrogen bonding; xylan-lignin interactions, and the changes in sugar, phenolic, and acetyl compositions of xylans.
Variations occur in all these factors among different plant parts, different plant species, and growth stage of plants. Generally, forages and their fiber components become less digestible with increasing plant age. Although the relative importance of each of these factors cannot be clearly established at this time, the level of lignification in forages generally is thought to be a primary factor, as first indicated by the early studies of Dehority et al. (14) .
A number of studies with whole animals have shown differences in overall digestion of xylans from various plant species. (2) . When progressive ruminal digestion of ryegrass cell walls was measured, the acetyl content of the residue increased (28) . However, chemical deacetylation of these ryegrass cell walls resulted in about 10% increase in DM digestion. Using fungal xylanases, both the rate and extent of xylan degradation can be significantly increased if the xylans are deacetylated by an acetylxylan esterase (4). Currently, the only known occurrence of this enzyme in ruminal microorganisms is from some strains of B. fibrisolvens (19) . Phenolic groups can be esterlinked to the 5-Q-position of arabinose and do not appear to be lost during digestion by ruminal bacteria of grass and straw cell walls (6) . In addition, polyphenolic components also can be associated with xylans by a1.ka1i-labile bonds, and a1.ka1i removal of these components can increase digestion (5) . This effect may be different from the increased digestion observed by removal of only lignin. It is obvious that much more work is needed at the structural and molecular levels with native xylans to clarify the roles of individual components on digestion.
Degradation of Xylans by Pure Cultures of Microbial Species
Ruminal bacteria capable of xylan degradation include Butyrivibrio fibrisolvens and Bact. ruminicola (10, 13) , as well as the cellulolytic species Fibrobacter sucdnogenes, Ruminococcus albus, and Ruminococcus /lave/adens. Anaerobic fungi are present in the rumen at varying levels, and strains of Neocallimastix frontalis, Piromonas communis, and Sphaeromona communis are xylanolytic and cellulolytic (26, 51) . Small amounts of xylans are degraded in the lower gut, but xylanolytic bacterial species from the cecum or large intestine of ruminants have not been described other than strains of B. fibrisolvens and R. flavefaciens isolated from sheep ceca (25) . However, xylanolytic species from the human large intestine or fecal material have been isolated. In contrast to ruminants, these species include Bacteroides ovatus and Bacteroides fragilis subspecies "a" (37) .
The first systematic investigations on the degradation and utilization of xylans by pure cultures of ruminal bacteria were a series of studies by Dehority and his colleagues in the latter 1960s (9, 10, 11, 12, 13, 14, 15) . Using intact bromegrass and alfalfa. it was shown that only some strains of Ruminococcus and Bact. ruminicola could digest xylans from one of either forage, but B. fibrisolvens digested both types (15) . Studies with cellulolytic species of ruminal bacteria indicated that only three of eight strains were able to use isolated xylans for growth (9) . However, almost all strains were capable of hydrolyzing xylans to soluble forms (12) . In the rumen, hydrolysis of cellulose and xylans by cellulolytic species probably may aid the xylanolytic species in utilizing xylans from intact forages. This type of synergism has been shown to occur with mixtures of pure cultures of these species (7). When rate studies were conducted on the degradation and utilization of isolated xylans, nonxylan-utilizing cellulolytic strains were found to produce soluble oligosaccharides during the hydrolysis of xylans. In addition, with most xylan-utilizing strains of R. albus, R. /lavefadens, B. fibrisolvens, and Bact. ruminicola, the rates of xylan degradation were greater than the rates of utilization of the breakdown products. These data suggest that xylandegrading bacteria in the rumen could provide oligosaccharides for growth by nonxylanolytic species. A similar situation probably occurs with cellulose degradation as many noncellulolytic species can grow on cellodextrins (34) .
Knowledge of the degradation of xylans by bacterial species inhabiting the lower gut of mammals is limited. For ruminant animals, it might be assumed that xylans are degraded by strains of bacterial species normally found in the rumen. A similar situation probably exists with monogastric animals, since two species, B. ruminicola and Fibrobacter succinogenes have been isolated from the hindgut of swine (33, 46) . Plant cell wall polysaccharides (i.e., dietary fiber) are not hydrolyzed in the stomach and small intestine of humans. After reaching the colon, these materials probably serve as a tion, but also in degradation of other plant polysaccharides. However, one might expect many of these enzymes to be either cell surface bound or extracellular, because the substrates are of high molecular weight and often are insoluble or exist as part of the insoluble plant cell wall matrix. For F. succinogenes, cellulase and xylanase activities are associated with large membrane complexes (18) . Xylan-degrading enzymes of Bact. ovatus and related species are cell-associated (35) . Ruminococcus albus fonns extremely large extracellular complexes containing polysaccharides and many proteins. These complexes are involved in cellulose and xylan hydrolysis (42) . In contrast, B. fibrisolvens produces extracellular xylanase and protease activities (18, 20) that are loosely associated with complex extracellular polysaccharides made by this organism (41) . Based on knowledge with aerobic fungi and other microorganisms, a list of probable enzymes for xylan degradation and fennentation by anaerobic gut bacteria can be compiled (Table 1). For some microorganisms, the initial attack on xylans may involve a "celloxylanase", an enzyme that can readily attack either cellulose or xylan. A functional role of this enzyme in degradation of plant cell walls may be to cause a generalized disruption of the plant cell wall's fiber structure to allow better access for true cellulases and xylanases to their substrates. Strains of Clostridium acetobutylicum can be both cellulolytic and xylanolytic. An extracellular celloxylanase type of enzyme has been purified from culture fluids of this organism (24). A celloxylanase may be present in those strains of cellulolytic nuninal bacteria that hydrolyze but cannot grow on xylans.
source of available fennentable carbohydrate for the indigenous bacteria. Bacteroides species constitute a major portion of the colonic bacterial population. Most strains of Bact. ovatus and Bact. jragilis subspecies "a" plus a few strains of Bacteroides eggerthii and Bacteroides vulgatus can fennent xylans (37) . When grown on larchwood xylan, Bact. ovatus and Bact. eggerthii utilized most of the soluble fraction of the xylan, but none of the insoluble fraction was degraded (36) . With growth on xylans, these species produced xylooligosaccharides, but not monosaccharides. In other studies, Bact. ovatus could not fennent intact wheat straw but did fennent crode xylans isolated from wheat straw (32) .
Growth on xylans by B. fibrisolvens, Bacteroides species, and many other bacteria often results in utilization of only 60 to 75% of the xylan, even when the xylan is in a soluble fonn. This incomplete hydrolysis does not seem to be due to the loss of enzyme activities, because prolonged incubation of larchwood xyIan with a mixture of crode enzymes from B. fibrisolvens (Respell, unpublished data) or from colonic Bacteroides species (35) does not result in further hydrolysis, even after fresh enzymes are added. Removal of the arabinose side chains also does not increase the extent of overall xylan hydrolysis (35) . Soluble xylans can be centrifuged to remove aggregates that often have a gel-like appearance. Experiments with Bact. eggerthii enzymes have shown that centrifuged, soluble xylan is still incompletely degraded, and the sedimented xylan was not attacked at all (35) . The authors suggested that xylan hydrolysis might be limited more by hydration than aggregation of xylan molecules. However, more work with various types of xylans is needed to determine clearly whether aggregation, hydration, chemical composition, or other factors limit degradation.
PhysiOlogy and BIOChemistry 01 XyJan Degradation
The complex chemical nature of xylans suggests that a number of microbial enzymes would be needed to hydrolyze and metabolize these polysaccharides. Little information is available with ruminal and lower gut bacterial species concerning biochemical characterization of enzymes involved in not only xylan degrada- Zorouped by DNA-DNA hybridization (27) and sugar composition of extracellular polysaccharides (41).
3Measured as total soluble carbohydrate released from oatspelt xylan, in micromoles per milliliter of culture per hour. 4Strains grown on media containing glucose, arabinose, larchwood xylan, or oatspelt xylan as the energy somce. A = Not assayed.
The primary enzymes involved in xylan degradation are xylanases. These enzymes generally have random modes of attack and produce a mixture of xylose, xylobiose, and longchain xylooligosaccharides as products from xylan degradation. In bacteria, these enzymes tend to be small, monomeric proteins (15 to 70 kDa) and use only xylans or xylooligosaccharides as substrates. Xylanases have been purified from Bacillus, Clostridium, and numerous other bacterial species but not from ruminal or gut species. It is not uncommon for xylanolytic bacteria to produce more than one type of xylanase. In this regard, isoelectric focusing and polyacrylamide gel analyses of culture fluids from B. fibrisolvens strain 49 indicate the presence of a small, 12-to 16-kDa xylanase and a larger, 40-to 45-kDa xylanase (Hespell and O'Bryan, unpublished data).
The side-ehain components of xylans are removed by several enzymes that include acetyl esterase, arabinosidase, and glucuronidase (Table 1). An arabinosidase purified from R. albus is a 310-kDa protein composed of four 75-kDa subunits (17) . Interestingly, this enzyme appears to be a glycOprotein. When this arabinosidase or a xylanase were incubated individually with alfalfa cell walls, only small amounts of sugars released. However, the sugar release increased 5-to lO-fold when the enzymes were used together. This type of enzymatic synergism may account for the increased xylan degradation observed when cellulolytic and xylanolytic species of ruminal bacteria are grown together (12) . Several species of ruminal bacteria possess J3-D-glucuronidase activity when assayed using synthetic substrates (52), but it has not been shown whether uronic acids can be released from xylans by species of rumina! bacteria. Finally, some strains of B.fibrisolyens possess an extracellular esterase activity that can release acetyl groups from xylans (19) .
Similar to cellulose degradation, the oligosaccharides produced from the action of xylanases on xylans can be degraded further. (31) and F. succinogenes (1, 22) produce cellulodextrinase activities that degrade cellulodextrins to cellobiose and cellotriose. For xylanolytic species of rumina! bacteria, one could assume a similar activity, a "xylodextrinase", might be present in some of these species. Alternatively, a xylosidase enzyme, which can cleave xylobiose and longer chain oliogos.accharides, may serve this function. In this regard, the xylosidase in B. fibrisolvens can cleave xylopentaose (39) . A second possibility might be that some xylanolytic species possess a phosphorylase, similar to the cellobiose phosphorylase of R. flavefaciens (1), for cleavage and assimilation of xylooligosaccharides and xylobiose. The usage of phosphorylases would. greatly enhance the energy yields from carbohydrate fermentation. The mechanisms of cleavage and possible transport of xylooligosaccharides by ruminal and gut bacteria are unknown at this time. 3Strains grown on media containing glucose, arabinose. larchwood xylan, or oatspelt xylan as the energy source.
Ruminococcus albus
40r0uped by DNA-DNA hybridization (27) and sugar composition of extracellular polysaccharides (41) .
All known strains of B. fibrisolvens are xylanolytic, but strains vary considerably in expression and regulation of xylanolytic enzymes. Three patterns of xylanase expression appear to exist (Table 2) , depending on the strain and substrate used for growth. For some strains (group D-l), high levels of xylanase activity are present, regardless of the substrate used for growth, whereas for other strains (groups B-1 and C), this activity is expressed only with growth on xylans. The third pattern is one in which xylanase is expressed with growth on xylans and arabinose (group B-2). The expression of arabinosidase and xylosidase activities by B. fibrisolvens strains are also regulated by growth substrate (Table 3) but not necessarily in the same manner as for the xylanase activity. For some strains, all three activities are induced only by growth on xylans (group B-1). For other strains, the xylosidase activity may be inducible, but xylanase and arabinosidase activities appear constitutive (group 0.1). The reasons for these various regulation patterns are not completely understood. These variations between groups of strains may reflect the fact these groups represent different species, as shown by DNA-DNA hybridization data (27) . Second, the variations in a given activity between growth conditions may reflect the expression of more than one enzyme. As noted, Journal of Dairy Science Vol. 73. No. 10, 1990 strain 49 possesses at least two extracellular xylanases.
Although many strains of B. ruminicola are xylanolytic, most are generally less active in degrading xylans than to B. fibrisolvens strains. High xylanase activity in strain 23 occurs with growth on xylans, but not with growth on glucose or arabinose (Table 4 ). In contrast, strain D3ld has high xylanase activity and strain H15a has weak activity when grown on all these substrates. The xylosidase activity in all three strains appears to be constitutively made. Unlike B. fibrisolvens, the xylanase and xylosidase activities are cell-associated with these three strains. A similar enzyme localization occurs with Bact. ovatus, Bact. eggerthii, and Bact. fragi/is, which are all colonic Bacteroides species (30, 35) . When these species are grown with xylose or glucose, no xylanase or xylosidase activities are detected (35) . These findings have been confirmed with more detailed studies with Bact. ovatus (Table 5 ). There are considerable increases in xylanase and arabinosidase activities with growth on arabinose compared with growth on glucose. Growth on xylose, however, does increase these activities.
Genetics 01 Xylan Degradation
Genetic research with ruminal bacteria has been undertaken only in the last 6 yr. Thus, only a few genetic aspects on xylanolytic enzymes in regard to cloning, expression, or regulation of genes from ruminal bacteria are known. Surprisingly, the first gene to be studied was a xylanase from Fibrobacter succinogenes (40) . This gene was cloned into E. coli and was fOWld to reside on a 3.o-kbp DNA fragment that encoded for a cell-associated xylanase, but in F. succinogenes, the xylanase activity is extracellular (16) . Further studies on the cloned xylanase and on the native xylanases of F. succinogenes are needed to characterize these enzymes and determine their relative importance to plant cell wall degradation by this organism. Many strains of R. albus and R. flavefaciens can degrade xylans, but a xylanase gene has not been cloned from these species. In contrast. a number of glucanases or cellulases have been cloned from these species (3, 21, 23) . Some of these clones have high activities on xylan (B.
A White, personal communication) and may represent a gene encoding for a celloxy1;mase type of enzyme.
The first gene to be cloned from a strain of B. fibrisolvens was a xylosidase (38, 39) . The gene resided on a 3.2-kbp DNA fragment that was inserted into pUC18 and cloned into E. coli. The xylosidase-positive clones expressed a new 6o-kDa protein, presumably the monomeric form of the xylosidase. With cell extracts from B. fibrisolvens strain 113 and the E. coli clone, the xylosidase activities were biochemically similar and could degrade xylooligosaccharides but not xylans. More recent studies with this xylosidase clone indicate that a second enzyme activity, an arabinosidase, also is expressed (Hespell and Ingram, unpublished data The more active xylan degraders in the colon are strains of Bacteroides ovatus, and several enzymes for xylan degradation have been cloned from this species (50) . A 3.8-kbp DNA fragment from B. ovatus was inserted in pUC18 and cloned into E. coli. When recombinants that were obtained by screening for xylanase activity were subsequently screened for other enzyme activities, both arabinosidase and xylosidase activities were found. The xylanase gene was localized to a region in the DNA fragment that was separate from the arabinosi<lase and xylanase genes. The expression of the louroaJ. of Dairy Science Vol. 73, No. 10, 1990 xylanase was found to be independent from the other two activities. The data from further subcloning of the region encoding for arabinosidase and xylosidase activities revealed that both activities were lost simultaneously when this DNA region was reduced in size. A protein was partially purified from crude cell extracts of an E. coli clone and was only about 38-kDa in size but displayed both arabinosi<lase and xylosidase activities. These preliminary results suggest the protein may be a bifunctional enzyme. If true, this enzyme would be novel, as all known bacterial arabinosidase and xylosidase activities are catalyzed by separate proteins.
Future Directions
Biochemical and genetic understanding of the enzymes and processes involved in digestion of plant cell components by gastrointestinal tract bacteria has begun to emerge in recent years. The results from earlier studies indicted numerous differences between strains and species of ruminal bacteria in their abilities to digest various isolated xylans or xylans that are present in intact forages. These findings are consistent with what is now known about the considerable variations in physiological regulation that occurs with enzymes associated with xylan degradation (Tables 2, 3 , 4) by ruminal and colonic bacteria. Other factors, such as effects of gI'Qwth rate, quantitative measurement of initial and accumulated xylan breakdown products, and determination of the compounds that can induce or repress expression of enzymes need to be examined. Some genes encoding for enzymes for xylan degradation have been cloned, but more research is needed to understand how these genes are organized and how their expression is regulated. This future research would include the DNA sequencing of the genes, the determination of mRNA transcripts, and the deletion of or insertion of specific genes (or their fragments) to modify enzyme activities. The production of enzymes by bacteria harboring cloned genes will be useful in purifying large amounts of these enzymes or in developing approaches to accomplish this for enzymes made by native species. The results from biochemical characterization of individual, purified enzymes for degradation of xylan and other plant cell components will provide information on exact mechanisms of action and on substrate specificities. Insights on the possible synergistic interactions of xylan-degrading with other enzymes that could occur during degradation of plant cell walls also will be obtained. It is reasonable to expect that some of the enzymes may have unique properties and may be used to degrade selectively plant cell wall forages.· This approach could be useful in accurately determining plant cell wall structures at the molecular level. The combination of these various future research activities will provide an understanding of digestion at molecular and bacterial levels. This gained information can be applied to developing strategies for modifying digestion of feedstuffs in the rumen and lower gut ecosystems.
